The ability of ionic potassium-43 (43K) to reflect alterations in regional myocardial perfusion was determined by comparing the distribution of this tracer to that of labeled microspheres and flowmeter measurements under several conditions of coronary blood flow. When flow was normal, the regional distribution of ionic 43K and labeled microspheres were similar. In ischemia induced by partial occlusion and pacing, both 43K and microspheres showed the same decrease in activity (0.7 of control). When a coronary artery was completely occluded, both tracers were decreased to 0.3 of control. In other experiments, resting coronary blood flow was decreased by 25%, 50% and 75% as determined by flowmeter measurements. When this was done, regional distribution of ionic 43K and microspheres both decreased in parallel but to a lesser degree than flowmeter data suggesting a contribution from collateral vessels. The endocardial/epicardial activity in the ischemic region also decreased proportionally. However, under conditions of increased flow during myocardial reactive hyperemia, 43K activity (1.02 of control) did not increase to the same degree as microsphere activity (1.5 of control).
Radioisotope
Infarction Hyperemia Ischemia M YOCARDIAL IMAGING with potassium-43 (43K) and its analogs has been proposed for the detection of myocardial ischemia, and for evaluation of myocardial infarction.'-6 There has however been some question as to the validity of using 43K for states of decreased coronary blood flow. The precise relationship of potassium distribution to blood flow in ischemia is unclear, since potassium activity in the ischemic area is dependent both on uptake as well as loss from this area. To define the relationship of potassium distribution to regional myocardial blood flow, experiments were performed comparing the distribution of tracer potassium to microspheres under conditions of normal, decreased, and reactive hyperemic blood flow.
Methods

A. Incremental Decreases in Resting Coronary Blood Flow
Twenty-six adult mongrel dogs (weight 40-60 lbs) were anesthetized with pentobarbital (30 mg/kg), intubated and maintained on a Harvard pump respirator. A left thoracotomy was performed at the level of the fifth intercostal space and left circumflex coronary artery dissected free. An electromagnetic flow transducer, polyethylene snare (for zeroing), and a fluid-filled balloon occluder were placed around the exposed section of the artery. Both the snare and balloon occluder were positioned distal to the flow transducer. The flow transducer was connected to a Brusch recorder and calibrated with saline prior to positioning on the coronary artery. A polyvinyl catheter was inserted directly into the left atrium for administration of 43K and microspheres.
Zero coronary blood flow was obtained by completely occluding the vessel with the polyethylene snare for 10 sec. This maneuver was repeated three times to verify the zero position. Normal resting coronary blood flow was established for 20 min prior to the experimental procedure. The regional distribution of coronary flow as determined by 43K and microspheres was measured at normal resting flow and at 75%, 50%, 25% and 0% of resting flow as measured by the flowmeter. Each dog was examined at only one level of coronary flow. At each coronary flow approximately 400,000 85Sr-labeled carbonized microspheres (diameter 15,u ± 5, density 1.2 to 1.4) and 50O,uCi of 43K in Icc saline were administered in the left atrium. After injection of the tracers, a final flowmeter reading was obtained and the dog sacrificed immediately (within 2-3 min after injection) by removing the heart. The heart was washed free of blood and blotted. The left ventricular free wall was divided grossly into regions supplied by the left anterior descending and left circumflex coronary arteries. Approximately 10 g samples from the center of each area were then subdivided into endocardial and epicardial halves, weighed, placed in plastic vials, and counted in a gamma well counter. The activity was expressed as counts/g. The results were expressed: (1) as the ratio of the activity in the area supplied by the left circumflex coronary artery to the activity in the area supplied by the left anterior descending coronary artery and (2) as the ratio of the endocardial activity to the epicardial activity in each region.
B. Resting, Pacing, Occlusion, Hyperemia
A second group of 15 dogs were prepared as in part A. In four control dogs, approximately 200,000`smTc-labeled albumin microspheres with a 22,u ± 7, diameter (1.2mCi) were administered into the left atrium, and 500,uCi of 43K in Icc of saline was injected intravenously. Three of the dogs were scanned immediately after injecting the 43K with a Picker-Magna Scanner V using a #2112 collimator (at 340-700 keV). Following this, a scan of the distribution of the 99mTc-microspheres was obtained (at 120-160 keV). The scanning speed was selected so that the maximum count rate for each isotope achieved a count density of 800 counts/cm2. The data were stored on punched tape. The data were later displayed in a 64 x 64 matrix with each cell storing up to 256 counts. The activity in the regions of the distributions of the left anterior descending and left circumflex coronary arteries were determined for each isotope. The results were expressed as the ratio of the activity in the distribution of the left anterior descending coronary artery to the activity in the distribution of the left circumflex coronary artery. The fourth dog was sacrificed immediately after administration of the microspheres and 43K. The heart was removed and sections taken from the areas supplied by the left anterior descending and left circumflex coronary arteries as before.
In three dogs, partial occlusion of the left anterior descending artery was produced with umbilical tape. The presence of partial occlusion was confirmed by observing the passage of contrast material into the distal vessel on an image intensifier. A pacing wire was attached to the right atrium and the dogs paced at 180-200 beats/min for at least five minutes. 99mTc-labeled microspheres were then administered into the left atrium and 43K injected intravenously. 85Sr-microspheres were injected either before or after pacing to determine the distribution of flow at resting heart rate with the partially occluded vessel. The regional distribution of the tracers was determined by scanning in two dogs and by in vitro counting in the third.
Four dogs had the left anterior descending coronary artery completely ligated at a point approximately 2.5 cm below the level where it appeared from under the left atrium. When the area distal to the ligation became cyanotic and akinetic, 99mTc-labeled microspheres and 43K were administered as above. In two dogs, scans were obtained and in the other two dogs the activity was determined in vitro.
The data were collected and expressed as previously described.
Four dogs had the left anterior descending coronary artery occluded for 30 sec. Immediately (5-10 sec) after releasing the occlusion, 99mTc-microspheres and 43K were administered into the left atrium. Two dogs were scanned Circulation, Volume 50, November 1974 and two dogs were studied in vitro as described above.
Examples of 43K and microsphere scans are included in figure 1.
Results
A. Incremental Decreases in Resting Coronary Blood Flow
Results of the experiments on the 25 dogs are given in table 1. Both the total transmural activity ratios of the circumflex to left anterior descending regions for 43K and microspheres are given as well as the epicardial and endocardial activity ratios within each distribution.
At resting coronary blood flow, the 43K and microsphere distributions in the region supplied by the left anterior descending artery were similar to those in the area supplied by the left circumflex coronary artery. When the coronary blood flow in the circumflex artery was decreased to 75% of resting, the average decrease of the activity ratios of 43K and microspheres was approximately 15% compared to the resting state. There was a more marked decrease in the endocardial/epicardial activity (decreased 20% compared to resting).
When the coronary blood flow was decreased to 50% of resting, the ratios of the 43K and microsphere activity decreased by approximately 20% and 30%, respectively.
A decrease in coronary blood flow to 25% of resting had decreased the average of the ratios for 43K and microsphere activity by 35%. The endocardial/epicardial ratios showed a further decrease for both agents.
Finally, when the vessel was completely occluded, the 43K and microsphere activity ratios decreased by 70%. In all cases, except the normal, the endocardial/epicardial activity ratios in the circumflex region showed a significantly greater decrease than in the descendens region (P < .01). There was also a greater decrease in the total activity until the coronary blood flow was reduced to 25% of normal when there was a marked fall in 43K and microsphere activity. The reason that there was still significant activity present in the region supplied by the completely occluded vessel was most probably due to flow supplied by collaterals.
As was shown here there is good agreement between 43K and microsphere distribution.
B. Resting, Pacing, Occlusion and Hyperemia
The results of the individual experiments are given in table 2. The ratio of 43K activity in the region of the left anterior descending artery to that in the area of the left circumflex artery is related to the corresponding microsphere activity ratios (fig. 2 ). When coronary blood flow was normal, there was no difference between the 43K and microsphere activity ratios, means 1.01 ± .06 and 0.96 ± .05, respectively.
In pacing-induced ischemia, there was a comparable decrease in both the 43K and microsphere activity ratios with mean values of 0.72 + . 12 Myocardial scans of a dog lying in the left lateral position. A) A myocardial scan following intravenous administration of ionic 41K in dog without comonary occlusion. There is an even distribution of perfusion throughout the left ventricular myocardium. B) An outline drawing of the myocardium as depicted on scan. The region supplied by the left anterior descending coronary artery (LAD) is indicated by the region between dashed and solid line. In the lower panel are two scans performed in a dog following administration of labeled microspheres in the left atrium (C) and ionic 43K (D) when the LAD was partially occluded and ischemia induced by pacing. The zone between the arrows has a comparable decrease in tracer concentration in both scans.
Circulation, Volume 50, November 1974 indicates that the resting myocardial perfusion to the region supplied by the partially occluded left anterior descending artery was not affected.
In complete occlusion, the 43K activity ratio (mean 0.27 + .10) and microsphere ratio (mean 0.29 ± .09) were decreased to the same extent. The reason this value is not closer to zero is most probably due to flow supplied by collaterals.
In reactive hyperemia, the microsphere activity ratio was increased, mean 1.50 ± .15, indicative of increased flow to the transiently ischemic area. However, this increase was not reflected in the 43K activity ratio, mean 1.02 ± .06.
The 43K and microsphere were closely related in the normal, ischemic and infarcted myocardium. However, there was a dissociation between the micro- K-43 ACTIVITY RATIO Figure 2 The ratios of ionic 43K activity in the descendens region (LAD) to that in the circumflex region plotted against the ratios of labeled microsphere activity in identical areas. One standard deviation is represented for each point (data from table 2). sphere and emic state.
43K activity ratios in the reactive hyper-
Discussion
The results of this study show good agreement between 43K and microsphere distribution under normal conditions, ischemia and coronary occlusion. This suggests that even though the distribution of potassium is a complex function depending upon blood flow, extraction efficiency, potassium pool size, and loss, 43K is a valid index of reduced myocardial blood flow under these conditions. Table 1 shows that both 43K and microsphere activity were also similar in regard to the distribution between endocardium and epicardium. The distribution of 43K and microspheres between the areas of myocardium supplied by the left anterior descending coronary artery and the circumflex were equal under control conditions (P > .05). The means of the control endocardial/epicardial ratios for both 43K and microspheres were greater than unity and are in agreement with other investigators.7'-" When the resting coronary blood flow was decreased, there was a disproportionate decrease in the distribution of 43K and microspheres to the endocardium relative to the epicardium. These results also agree with other studies using diffusible radioactive indicators'1 12 and Circtulation. Volume 50, November 1974 microspheres8' 13 in ischemia. There is also pathological evidence showing myocardial necrosis to be more extensive in the inner layers of the left ventricle following coronary occlusion.`4 15 The explanation for the disparate relationship between regional perfusion by both tracer methods and the flowmeter measurements was that as the vessel was occluded, more of the blood supply to the involved area arrived via collateral flow such that at the point of complete coronary occlusion approximately 25-30% of control flow to the myocardium arrived via collaterals. This suggests that the tracer distribution is a measurement of total perfusion to an area, regardless of how it arrived.
It has been shown that because of the high extraction of potassium by the myocardial cells (70% in one coronary circuit) an accurate estimate of the total blood flow to a region can be made if the amount of extracted potassium is determined immediately. [16] [17] [18] [19] [20] In cases where there is some delay in measuring the potassium activity, there may be uneven losses from the myocardium and the distribution of potassium activity may not represent true distribution of myocardial blood flow. However, the loss of potassium from dog hearts has been shown to be considerably delayed, with approximately 80% of plateau levels remaining at 120 min. 17 This also has been shown with total precordial counting in humans where the activity was relatively constant for at least 15 min, even though the blood concentration was low.2`The reason that the potassium activity remains in the myocardial cells for some time after administration may be that the large cellular potassium pool tends to limit the early return of the isotope from cells.22 Even in states where potassium loss is exaggerated, such as experimental ischemia, only approximately 5.4% of the estimated normal content of potassium is lost after 17 minutes of ischemia.2' Thus, even though there may be uneven losses of potassium, over-all this loss is relatively small compared to total uptake if measurements are made at a reasonable time after injection.
In the hyperemic state there was dissociation of the regional distribution of 43K and microspheres. In the hyperemic state even though there is increased flow, as evidenced by microspheres, the amount of 43K deposited in the area was limited. Experiments by Ziegler and Goresky made similar observations with "5Rb (an analog of potassium) when they found increased activity in the interstitial space with increasing perfusion, but constant uptake by the myocardial cells independent of flow.24 This implies saturation of the potassium concentrating transport process at the muscle cell surface.
While these data were obtained from experiments Circulation, Volume 50, November 1974 using dog hearts, thus limiting extrapolation to work in humans, this study suggests that quantification of 43K perfusion scans could provide a noninvasive measure of regional myocardial perfusion under conditions of normal coronary blood flow and ischemia but not during states of increased flow.
